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The Black-Scholes options pricing model is commonly used to value index op-
tions and index futures options. It often prices away from the money options 
inconsistently and provides a higher implied volatility than at-the-money op-
tions. This phenomenon we refer to as a volatility skew. This study applies 
an extension of the Black-Scholes model by incorporating higher moments 
of the market, which was developed by J arrow and Rudd [10] to investigate 
the Nikkei 225 index options at the Osaka Security Exchange and the Nikkei 
225 index futures options at the Singapore Exchange. Following Corrado 
and Su's [8] analysis methods, I estimated skewness and kurtosis in option-
implied terminal price distribution. They were found to be significantly de-
viated from the assumption of the Black-Scholes model and are coherent to 
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The celebrated Black-Scholes option pricing model is popular in pricing index 
and index futures options contracts. Its popularity is due to its simplicity of 
using observable parameters and easy calculation. However, the model has a 
well-known deficiency of inconsistently pricing deep in-the-money and deep 
out-of-the-money options. The model provides higher implied volatilities 
than at-the-money options, and this phenomenon is refereed as a "volatility 
skew". The volatility skew pattern is not predicted by the Black-Scholes 
model, as volatility is a property of the underlying asset, but not moneyness, 
of a particular option, and same implied volatilities should be observed across 
all options on the same instrument. It shows that the Black-Scholes model 
leaves a portion of option price premium unexplained. 
1 
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The Black-Scholes model assumes that stock prices follow lognormal dis-
tribution: that is, stock log-prices are normally distributed over any finite 
time interval. Hull [9] and Hattenburg [13] observed that stock returns show 
non-normal skewness and kurtosis, and that volatility skews are a conse-
quence of empirical violations of the normality assumption. Moreover, an 
index consisting of a collection of stocks does not strictly follow a General 
Brownian Motion (GBM), and stock index distribution is a convolution of its 
component distributions. Therefore, application of the Black-Scholes model 
with an assumption of normality index distributions is only for convenience 
purposes. Incorporating skewness and kurtosis measurements over index re-
turns extends the Black-Scholes model beyond normality approximation. 
An extension of the Black-Scholes model was suggested by Jarrow and 
Rudd [10] to account for the non-normal skewness and kurtosis in stock re-
turn distributions. Their model suggests a log-normal distribution as a good 
approximating distribution, and incorporating higher moments of implied 
distribution would enhance pricing accuracy for unknown underlying return 
distribution. 
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1.2 Motivation 
This study aims to examine the effect of higher moments of index and index 
futures return distributions to observed options prices. I based this study on 
the market for the Nikkei 225 index options at the Osaka Securities Exchange 
(OSE) and the Nikkei 225 index futures options at the Singapore Exchange 
(SGX). The SGX and OSE are integrated exchange markets that consist of 
stock, futures, and options trading in a single platform. Futures and op-
tions in the SGX and OSE feature highly similar contract specifications with 
overlapping trading hours (Tables 1.1 and 1.2 show contract specifications 
in the SGX and OSE, respectively). SGX Nikkei futures options are based 
on SGX futures contracts, whereas OSE options are directly based on the 
spot Nikkei Index. As both SGX options and futures contracts and OSE 
options contracts expire on the same date, Brenner, et al. [7] suggested that 
theoretically two options would converge on the same price. 
Selection of target markets is partially motivated by the keen competi-
tion between the SGX and OSE in the market of Nikkei Index derivatives 
trading. In 2002, there were over 10 million futures contracts traded on the 
OSE, compared to nearly 5 million contracts on the SGX. The options mar-
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ket is far more mature in the OSE, where there were over 9 million options 
contracts traded, compared to not more than a million traded on the SGX. 
Options traders take SGX options as an alternative to OSE options because 
the SGX authority makes less frequent trading halts than the OSE's. Al-
though the SGX market is still young compared to its rival, it is growing 
rapidly at the OSE's expense. The SGX Nikkei Index futures grew at an 
annual rate of over 20 percent in recent years, and its options market is also 
growing at a similar rate. It is expected that the trend will continue in the 
coming years. Therefore, it has become increasingly important to analyze 
the interrelationship of different derivatives between the two markets. This 
is because most market traders in Nikkei options contracts are continually 
hedging their positions with the companion Nikkei futures contracts. 
In this study, three questions will be addressed: (a) To what extent does 
the Jarrow and Rudd pricing model correctly observe volatility skew in the 
Nikkei Index and futures options? (b) Would the Jarrow-Rudd pricing model 
provide more accurate next-day price predictions? (c) Do the SGX Nikkei 
Index futures options and OSE Nikkei Index options have the same degree 
of implied higher moments in their implied return distributions? 
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1.3 Chapter Layout 
Following the J arrow and Rudd [10] methodology, the objective of this thesis 
is to empirically investigate the relationship between the SGX Nikkei Index 
futures options for the January 1996 - December 2003 period and the OSE 
Nikkei Index options for the April 2002 - December 2003 period. The thesis 
is organized as follows: 
Chapter 2 provides a review of the existing literature that is relevant to 
the options pricing theory, representation, and estimation. It first offers a dis-
cussion of the theoretical framework of the Black-Scholes model, especially 
the assumptions, limitations, and extensions. Then it reviews the J arrow 
and Rudd options pricing model, which is applied to estimate the implied 
moments in the options prices. The subsequent section then reviews some 
refinement of the model by other researchers, given its assumption refuted 
by some empirical studies. 
Chapter 3 first discusses the data utilized in the empirical estimations, 
the data sources, together with the data sampling process. The subsequent 
section presents the empirical estimations, evaluation, and statistical method 
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to compare the performance of the Black-Scholes pricing model and Jarrow-
Rudd pricing model. 
Chapter 4 presents the empirical estimations, and discusses and com-
pares the salient results estimated by using the Black-Scholes and Jarrow-
Rudd models. Empirical evidence demonstrates that although the implied 
volatilities of the OSE Index options and the SGX futures options obtained 
using the two models were very close, systematic errors were found to exist 
between the Black-Scholes theoretical prices and the observed prices in gen-
eral, indicating that the Black-Scholes pricing model did not fit the observed 
prices very well. In addition, this chapter also offers a comparison of the 
out-of-sample prediction estimated by the two pricing models, and suggests 
that the Jarrow-Rudd pricing model outperforms the Black-Scholes model, 
as indicated by some conventional prediction error evaluation statistics. 
Chapter 5 summarizes the major findings. The implied higher moments 
estimated from two sets of options prices for the Nikkei Index and Nikkei 
Futures in the OSE and SGX were empirically analyzed. The estimation re-
sults suggested that the Jarrow-Rudd pricing model fits options prices much 
better than the Black-Scholes pricing model, and the higher moment cor-
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rection terms successfully explained the volatility skew. Negative skewness 
and positive excess kurtosis were found in both OSE and SGX options. This 
result is coherent with the findings of Shiratsuka [15] on the OSE Nikkei 
index options and Ang, et al. [1] on the SGX Nikkei futures options, respec-
tively. In addition, out-sample prediction performance comparison was done 
by forecasting current day options prices by prior-day summary statistics. 
The Jarrow-Rudd pricing model was found to outperform the Black-Scholes 
pricing model, and the improvement was economically significant. 
1.4 Summary 
This chapter first provides some background information and rationale for 
this thesis. This study is based on the market for the Nikkei 225 index 
options in the OSE and the Nikkei 225 index futures options in the SGX. 
Futures and options in the SGX and OSE feature highly similar contract 
specifications with overlapping trading hours. SGX Nikkei futures options 
are based on SGX futures contracts, whereas OSE options are directly based 
on the spot Nikkei Index. As both SGX options and futures contracts and 
OSE options contracts expire on the same date, these two options, theoret-
ically, would converge at the same price. The objective of this study is to 
empirically investigate whether there exists any relationship between them. 
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The last section offers a detailed chapter layout. 
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Table 1.1: Specifications of the Nikkei 225 Index Futures and Options Con-
tracts Traded on the (SGX) 
Future contract: 
Contract size 500 yen per Nikkei 225 index points. 
Minimum price 5 index points (2,500 yen). 
fluctuation 
Contract months 3 serial months and 5 nearest quarter (March, June, 
September and December) months. 
Trading hours Japan Standard Time: 
8:55 am - 11:15 am (Open Outcry Trading) 
12:15 am - 3:25 pm (Open Outcry Trading) 
4:30pm - 8:00pm (Electronic Trading) 
Last trading day The day before the second Friday of the contract month. 
Settlement basis Cash Settlement. 
The final settlement price shall be the Special Nikkei Stock 
Index 225 Quotation (SQ) whose calculation is based on 
the opening prices of each component issue in the Nikkei 
Stock Index 225 on the business day following the last 
trading day. 
Option contract: 
Contract size One SGX Nikkei 225 index future contract 
Minimum price 5 index points (2,500 yen) except that 
fluctuation deep-out-of-the-money trades may occur at a price of 300 
y^ 
Contract months 3 serial months and 5 nearest quarter (March, June, 
September and December) months. 
Trading hours Same as underlying futures contract. 
Last trading d a y ~ The day before the second Friday of the contract month. 
Exercise price 500 Nikkei index points interval. 
Option exercise American Style. Exercise results in a long Nikkei 225 
Index futures position, which corresponds with the 
option's contract month, for a call buyer or a put seller, 
and a short Nikkei 225 Index futures position for a put 
buyer and a call seller. 
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Table 1.2: Specifications of the Nikkei 225 Index Futures and Options Con-
tracts Traded on the (OSE) 
Future contract: 
Contract size 1000 yen per Nikkei 225 index points. 
Minimum price 10 index points (10,000 yen), 
fluctuation 
Contract months March, June, September, December cycle (five contract 
months traded at all times). 
Trading hours Japan Standard Time: 
9:00 a.m. - 11:00 a.m. 
12:30 p.m. - 3:10 p.m. 
Last trading day The day before the second Friday of the contract month. 
Settlement basis Cash Settlement. 
The final settlement price shall be the Special Nikkei Stock 
Index 225 Quotation (SQ) whose calculation is based on 
the opening prices of each component issue in the Nikkei 
Stock Index 225 on the business day following the last 
trading day. 
Option contract: 
Contract size Nikkei 225 index basis 
Minimum price 10 yen or less: 1 yen 
fluctuation Over 10 yen up to 1,000 yen: 5 yen 
Over 1,000 yen: 10 yen 
Contract months Five consecutive months from the March cycle plus three 
near-term months which do not overlap the March cycle. 
Trading hours Same as underlying futures contract 
Last trading day The day before the second Friday of the contract month. 
Exercise price 500 Nikkei index points interval. 
Option exercise European. The option may be exercised only at its expi-
ration (the second Friday of each expiration month). 
Chapter 2 
Literature Review 
Theoretical studies of the options pricing model were first described by Black 
and Scholes [3] and extended by Merton [11]. The celebrated Black-Scholes 
option pricing model received significant attention from market traders, and 
they applied the theory to real market operations. Although some options 
products in present markets do not strictly fit the characteristics of the Black-
Scholes model, it is still extensively applied to these products as a reference. 
The Black-Scholes option valuation model has been widely adopted in the 
securities trading market. The model is based on assumptions of continuous 
hedging replications and no transaction costs on the underlying asset. Thus, 
an option can be combined with an underlying asset into a hedged position 
that is riskless for fluctuations in an asset's price, and in time must therefore 
earn the riskless interest rate. This theoretical value of options indicates the 
11 
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perfect equilibrium state of the market in which profitable arbitrage is ruled 
out. 
Some of the important assumptions made when deriving the Black-Scholes 
model are the following. 
• The price of the underlying asset follows a diffusion process that can 
be written as : 
^ = fiSdt + aSdz (2.1) 
u 
where 
S is the drift of the price per unit time; 
dt denotes an infinitesimal time increment; 
a is the volatility of proportional price change per unit time; 
dz represents Brownian motion, the realization of a random variable dis-
tributed as normal with mean 0 dt and variance 1 dt. 
• The volatility a is a known constant. 
• There are no indivisibilities. 
• There are no transaction costs. 
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• There is no limit to borrowing or leading at the same riskless interest 
rate, and there are no taxes or limits on short-selling with the full use 
of the proceeds. 
This diffusion process gives foundation to the Black-Scholes option pricing 
formula: 
C = SN{di) - Xe-'"'N(d2) (2.2) 
where di = 乂 d k = (h - ay/r, r = riskless interest rate. 
2.1 Implied Asset Return Distribution 
The Black-Scholes option pricing formula (2.2) assumes that the underly-
ing asset has lognormal return distribution, and the volatility term is the 
standard deviation of the return distribution. However, much evidence has 
revealed an inconsistency in pricing in-the-money and deep out-of-the-money 
options, and this phenomenon is called a volatility skew. 
The volatility skew is the anomalous pattern that results from calculating 
implied volatilities across a range of exercise prices. Implied volatilities of in-
the-money options and deep out-of-the-money options are higher than that 
of at-the-money options. This phenomenon was not predicted by the Black-
Scholes model, since volatility is a property of the underlying asset, and the 
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same implied volatility value should be observed across all options on the 
same asset. Hull [9] and Natenburg [13] pointed out that volatility skews are 
a consequence of empirical violations of the lognormal distribution assump-
tion. To solve the theoretical imperfection of the Black-Scholes model, higher 
moments of the implied asset return distribution must be known. Various 
studies have devoted to modelling the implied asset return distribution and 
estimating higher moments information from it. 
The extraction of implied asset return distribution is to mimic synthetic 
state-contingent claims on a range of exercise prices with the same maturity, 
or, in other words, securities whose returns are dependent on expectations of 
the economy in the future. As contingent claims are risk-neutral with respect 
to the current state of the economy, the implied asset return distribution is 
also known as an implied terminal risk-neutral density (RND)’ which shows 
investors' assessments of the probabilities of particular economical state oc-
curring in the future. 
The implied terminal risk-neutral density function is directly related to 
the values of exercising call options when the price of the underlying asset 
lies on their exercise prices. The price of European call options of a given ma-
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turity, but with a range of different exercise prices, is related to the weights 
attached by the representative risk-neutral agent to the possible outcomes 
for the terminal price of the underlying securities. Thus, this reflects the 
value of ability to exercise the options at that terminal price. 
In the framework of theoretical representation of the implied terminal 
risk-neutral density, Ross [14] first investigated the relationship of call option 
prices to risk-neutral density. Breeden and Litzenberger [6] showed that if the 
underlying price at time T has a continuous probability distribution, then the 
value of ability to exercise at terminal price ST is determined by the second 
partial derivative of the European call options price function with respect 
to exercise price, evaluated at an exercise price of X = ST- When 
applied across the continuum of states ST�they showed that equals the 
discounted risk-neutral density function. That is 
= e - q { S r ) (2.3) 
where r is the annualised riskless interest rate over the time period T = T — t, 
and qiSr) is the risk-neutral density function of ST. 
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2.2 The Jarrow-Rudd Skewness and Kurtosis-
Adjusted Model 
The shape and symmetry of the implied asset return distribution have signif-
icant impacts on options prices. However, they were not fully incorporated 
into the traditional Black-Scholes pricing model. Jarrow and Rudd [10] pro-
posed an efficient method to estimate options prices through approximating 
asset return distribution by its central moments. Their model can value 
European style options when the underlying securities price at options expi-
ration follows an unknown distribution F known only through its moments. 
They derived an options pricing formula from an Edgeworth series expansion 
of the true terminal price distribution F about an approximating distribution 
A. 
The generalized formula of the Edgeworth series expansion of distribution 
F about approximating distribution A with an identical mean is: 
… — … ， d ' A j s ) 
厂 ⑷ = 刷 + ^ ^ S ^ 
- + 3{k2{F) - d'Ajs), ” , � � 
+ 5 中 ） （ 2 . 4 ) 
where 
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F{s) = the estimated distribution F with known moments; 
A{s) = the approximating distribution A\ 
Ki{X) 二 the z-th cumulant of distribution 
e{s) = the residual error term. 
Cumulants are similar to moments such that the first three cumulants 
equal the first three moments ( / / i ,时, / is ) of a distribution, and the fourth 
cumulant equals fi^ — 3 喊 
From Expression 2.4, we can observe that the difference between F{s) and 
A{s) is expressible as a series expansion involving the higher order cumulants 
of both distributions, and the derivatives of 乂(s). Given a good approximat-
ing distribution A with respect to true distribution X, higher order terms in 
the residual e:(s) would be negligibly small. 
Because of the widespread usage of the Black-Scholes model in actual 
trading, this study applies the Jarrow-Rudd method with approximating dis-
tribution A as the lognormal distribution, as it would be in the Black-Scholes 
model without explicit knowledge of the true underlying distribution. In this 
case, C(A) will correspond to the Black-Scholes formula. Following sections 
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will then give an explicit expression for the adjustment terms between the 
Jarrow-Rudd options value, C(F), and the Black-Scholes formula, C(A). 
Derivation of the Implied Terminal Asset Price Distribu-
tion Function 
The approximating lognormal distribution for the underlying price, St, is a 
function of two parameters: the first and second cumulants of the random 
variable log [St), where the first cumulants of both distributions are equal to 
SoeTT. A simple approach to set the value of the second cumulant with the 
goal of obtaining the closest lognormal distribution to the true distribution 
is to equate the second cumulant of the approximating lognormal to the true 
distribution's second cumulant. That is «；2(厂)二 In this case, the 
approximating distribution is given by: 
where K,I{A) = YTII⑷’ 
« ； 2 ( 乂 ） = /^i(4)2g2， 
K4(A) = + 15^4 + + 二 � V 4 ( � by letting Q^ = 
e � . 
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By rewriting lognormal distribution A into a normal distribution by vari-
able substitution, the result would be A(d2) = and the true distribution 
F would change to: 
n � �丄 门 、 ( 似 ） - ⑷ d^jd^)丄 K4(F\d2)) - fuW 而) 
= m ) 3! + 4! 
(2.6) 
where � = 0 and ^4(0) = 3. Full simplification can be done by substitut-
ing z = -6.1 such that (j){z) = 0(^2), as (/>(...) is an even function. Collecting 
all terms into Expression 2.6 yields the final solution: 
F ⑷ = M A + ^ ^ ( 《 3 - 3 , ) + 一 + 3)) ( 2 . 7 ) 
where K3(F(z)) = non-normal skewness and K4(F(z)) 二 non-normal kurtosis. 
Derivation of the Options Pricing Formula 
Applying the final distribution F(z) in Equation 2.7 to derive a theoretical 
call price as the present value of an expected payoff at options expiration 
yields the following expression: 
00 
C(F(z(St))) = e-TT j {z{St) — z{K))F{z{St))dz{St) 
K 
Where z = � / � $ - � V 2 ) t . 
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Evaluating this integral yields the following formula for an options price, 
which is denoted here by CJR. 
CJR = CBS + I^3{F{Z))QS + (/C4(F(Z)) — 3)Q4 (2.8) 
where CBS = SO^D) - KE-'-'^D - A^) 
Qz = - d)(t>{d) 一 G^T^d)) 
Q, = - 1 - - + a � " ^ ( d ) 
^ _ ln{So/K)+^+(T^/2)T 
； / T T X 
一乂 I I I ^ 一 
1st inflection point | | | 2nd inflection point 
deep in at the deep out of 
the money money the money 
Figure 2.1: Normal Distribution, Its First and Second Derivatives 
Expression 2.8 gives two adjustment terms to the Black-Scholes formula 
with respect to the skewness and kurtosis of the true distribution. The first 
term corrects for differing skewness. Its sign depends on whether the true 
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distribution is more skewed than the approximating normal and the sign of 
the normal first derivative evaluated at St. Using Figure 2.1 for reference, 
this derivative changes signs at the mean of normal distribution (or mode 
in the lognormal distribution). The maximum magnitude adjustment due to 
this term occurs at the first and second inflection points, which correspond 
to the deep in and deep out of the money options. 
Finally, the third adjustment term reflects the differing kurtosis with a 
weighting factor equal to the second derivative of the normal distribution 
evaluated at K. The sign of this derivative changes at the first and second 
inflection points. It is positive for the deep in and deep out of money options, 
and negative anywhere else. 
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Figure 2.2: Implied Volatility Skew from the Jarrow-Rudd Model 
Volatility skew can be accounted for by the existence of non-normal skew-
ness and kurtosis defined by i^3{F{z)) and in Equation 2.8. The 
effect can be demonstrated by generating options prices according to Equa-
tion 2.8 with parameter ^3(^(2;)) - -0.5，i^4{F{z)) = 4’ S^ o 二 100’ g 二 0.25， 
i = 0.15 year, r = 5%, and exercise prices ranging from 80 to 120. Implied 
volatilities are then reversely calculated by the Black-Scholes formula and 
plotted in Figure 2.2，where the horizontal axis measures exercise prices and 
the vertical axis measures implied standard derivation values. While the 
true volatility value is a = 0.25，Figure 2.2 reveals that implied volatility is 
greater than true volatility for deep out-of-money options, but less than true 
volatility for deep in the money options. 
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Figure 2.3: Implied Terminal Asset Price Distribution and Lognormal Dis-
tribution 
The implied terminal asset price distribution can be calculated through 
Equation 2.7, and it is plotted in Figure 2.3. Compared to the lognormal dis-
tribution, which the Black-Scholes model assumed, the implied distribution 
shows significant skewness to right corresponding to negative skewness, and 
the fat-tailed effect shows on the left tail corresponding to positive excess 
kurtosis.i 
1 excess kurtosis = kurtosis - 3 
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2.3 Implied Moments in Asset Return Distri-
bution 
Various studies have focused on the informational content of implied moments 
for predicting future asset price changes and explaining effects of economi-
cal activities. An exemplary study is by Shiratsuka [15], from the Bank of 
Japan, which concerned the information content of the implied asset return 
distribution on Nikkei Index options in the OSE. Shiratsuka investigated the 
forecasting power of the implied RND function on the subsequently realized 
distribution of stock price fluctuations, and the causality relationship between 
stock price changes and the shape of implied RND. He showed that although 
the shape of implied distribution contains some information regarding future 
price movements, the result is highly sensitive to the choice of sample period, 
and should not be overlooked. By statistics, the OSE Nikkei Index options 
have significant negative skewness and non-normal kurtosis. The causality 
tests suggested that higher moments changes can account for the relationship 
between changes in underlying prices and the shape of implied distribution. 
Nakamura and Shiratsuka [12] were also concerned with the implied as-
set return distribution and market expectations of Nikkei Index options in 
the OSE. They estimated the return distribution for the economic periods of 
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the collapsing bubble, record low stock prices and increasing anxiety about 
deflation. Based on the estimated moments information, Nakamura and Shi-
ratsuka investigated the relationship between market expectations and eco-
nomic indicators, and how the monetary policy affected market expectations. 
They found typical patterns linking large index prices fluctuations and the 
moment changes of implied asset return distribution by tracking time series 
movements of summary statistics. Implied moments of asset return distribu-
tion is a powerful tool for summarizing market responses to monetary policy, 
which provides a new direction in diagnosing economic activities. 
Ang, et al. [1] composed a short study of the implied moments on asset 
return distribution of Nikkei Index future options in the SGX. They sam-
pled options prices for four separate days in 1996, and estimated the implied 
moments through the implied binomial tree method. They found that the im-
plied asset return distribution in the SGX was significantly negatively skewed 
and leptokurtic, and they suggested a skewness and kurtosis correction tool 
called the Smile Table for easy correction to Black-Scholes theoretical prices. 
Another best example is an exemplary study by Bates [2] on measuring 
the asymmetry of asset return distribution in predicting the stock market 
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crash of 1987. Bates estimated the RND of S&P 500 futures options and 
found significant negative implied skewness. He defined an economic diag-
nosis of the skewness called the "x% skewness premium", which is defined as 
the percentage deviation of x% out-of-the-money call prices from x% out-of-
the-money put prices. Bates showed that the skewness premium is directly 
related to the actual stochastic process of the underlying asset price. Bates 
examined the 4% skewness premium prior to October 1987，and showed 
that out-of-the-money put prices were about 25% higher than correspond-
ingly out-of-the-money call prices for the first week of August 1987, whereas 
the standard distributional hypothesis implies that the puts should be 0-4% 
cheaper. Bates commented that there may have been fears of a crash in the 
year prior to its actual occurrence, but the decline of the market in August 
1987 alleviated those fears. 
2.4 Summary 
This chapter provides a review of the existing literature that is relevant to 
the options pricing theory, representation, and estimation. It first offered a 
discussion of the theoretical framework of Black and Scholes [3], especially 
its assumptions, limitations, and extensions. The options pricing theory can 
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be traced back to the original contribution by Black and Scholes. Due to 
its assumption of lognormal distribution refuted by empirical evidence, re-
searchers have started to refine the Black and Scholes model by approximat-
ing the implied asset return distribution function (Breeden and Litzenburger 
[6]; J arrow and Rudd [10]). More recently, emphasis has been diverted to 
adopting higher moments in terminal asset price distribution, with the best 
example offered by Bates [2]. Other applications of this kind include those 
by Shiratsuka [15], Nakamura and Shiratsuka [12] and Ang, et al. [1]. In 
the next chapter, I will review the methodology adopted in this thesis, the 
J arrow and Rudd options pricing model, and explain why it is applicable to 
my study by discussing the empirical data, its sources, and the data sampling 
process utilized in the empirical estimations. 
Chapter 3 
Methodology 
3.1 Application to the Nikkei Index Options 
Data and Institutional Background 
I based this study on the Nikkei 225 index derivatives in the OSE and SGX. 
There are three markets in the world trade Nikkei Index derivatives: the OSE, 
SGX, and Chicago Mercantile Exchange (CME). Futures and options in the 
SGX and OSE are of highly similar contract specifications with overlapping 
trading hours, and the transactions are settled in Japanese Yen (Tables 1.1 
and 1.2 show contract specifications in the SGX and OSE, respectively). It 
should be noted that the SGX options are American-styled in the futures 
market and may be exercised anytime before their expiration. However, 
adjustment of the Black-Scholes formula for American-style options is not 
necessary, as the Nikkei Index is ex-dividend self-adjusted by re-investing 
dividends into constituent stock prices. 
28 
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Derivatives of the Nikkei Index are highly interesting, as there are simul-
taneously exchange-traded options on the spot market and futures market. 
Overlapped trading hours make simultaneous observations of single events 
in both the spot market and futures markets available. The SGX is an al-
ternative market to the OSE in hedging Japanese stock products, and it has 
a looser trading halt regulation than the OSE. The SGX market's volume 
is much smaller than the OSE's, such that the average daily volume was 
approximately 60,000 contracts in the OSE, but less than 1,000 contracts in 
the SGX in year 2003. Thin trading in SGX Nikkei futures options makes 
intraday transaction price analysis between OSE and SGX impractical, as 
listed prices between the two markets are asynchronous. Instead of intraday 
transaction prices, daily settlement prices are used to assure synchronicity in 
observations, and only the general trend of price movements is considered. 
Daily observations of the SGX cover the period from January 1996 to 
December 2003，and those of the OSE cover the period from April 2002 to 
December 2003. Daily options settlement prices were obtained from the OSE 
official databank and the SGX official data statistics on CD-ROM. The risk-
free rate of interest was taken as the Japan Inter-bank Offer Rate (JIBOR) 
CHAPTER 3. METHODOLOGY 30 
for a savings period closest to an options contract's expiration. The interest 
rate and Nikkei Index settlement price data were obtained from DataStream. 
The daily observations were split into several portions to examine the 
performance of the Jarrow-Rudd model in different phases of the economy. 
Daily prices in the SGX from January 1996 to December 2001 were split 
yearly, whereas the remaining SGX data for April 2002 to December 2003 
were paired with data of the OSE to achieve an inter-market comparison. 
The Data Sampling Process 
The daily settlement prices of two markets were filtered in four ways before 
being selected. First, observations on in-the-money options were discarded, 
as they experience very low daily trading. As either call or put options 
were traded in a relatively small range of exercise prices toward the out-of-
the-money side, missing in-the-money call options prices were substituted by 
their corresponding put options using the put-call parity condition. Data was 
then screened to remove options prices of less than five yen and all trans-
actions in the electronic trading period. Screening on transaction volume 
showed that near to maturity and far from maturity options experience very 
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thin trading, and the number of usable observations shrank on the away-
from-the-money options. In general, options having times to maturity of 
less than 20 days or longer than 100 days would not be traded. Therefore, 
observations with less than 20 days to maturity or more than 100 days to 
maturity would be removed. 
3.2 In-Sample Parameters Estimation 
Parameters Estimation 
To see the performance of the Jarrow-Rudd skewness and kurtosis-adj listed 
pricing models in explaining volatility skew, the OSE Nikkei Index options 
and SGX Nikkei Index futures options have undergone in-sample parame-
ters estimation. The Black-Scholes option pricing model is the fundamental 
model in any comparison of pricing accuracy. The Black-Scholes formula has 
four observable parameters: underlying asset price, exercise price, risk-free 
interest rate, and time to maturity, and one unobservable parameter of re-
turn standard deviation. The return standard derivation was estimated by 
the simple least-squares optimization between observed options prices and 
the Black-Scholes calculated prices. Equation 3.1 gives an estimated value of 
(JBS, which minimizes the sum of the squares of difference between the ob-
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served price CJ and the theoretical Black-Scholes price CBS, while N denotes 
the number of prices available on a particular day for a given maturity. 
m m j 2 [ C i - C B s , M B s ) f (3.1) 
and £bs = Cj _ Cssjic^Bs)-
The Jarrow-Rudd model was fitted in a similar manner to the Black-
Scholes model. Equation 3.2 estimates implied standard derivation, skew-
ness, and kurtosis parameters simultaneously by minimizing the sum of the 
square estimation error on a given day within a given option maturity class. 
min Y 1 — (CBSACTJR ) + N^Q, + {TT, - (3.2) 
and £JR = Cj - (Cs5j((7j/?) + TT^Q^ + (兀4 - 3)Q4). The resulting values for 
(jjR, TTs and 7r4 represent estimates of implied standard derivation, implied 
skewness and implied kurtosis parameters based on N price observations. 
The Skewness Premium 
The skewness premium at the 4% level will be estimated along with the 
higher moments implied from the model. The skewness premium was firstly 
suggested by Bates to diagnose the asymmetry of asset return distribution. 
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The definition of the skewness premium at x% is defined as 
SK{X) = X{S, T ; X,)/P{S, T ; - 1 (3 .3 ) 
where = 5(1 + x ) > 5 > Xp = 5 / (1 + X). 
Bates suggested that the skewness premium is directly related to the 
actual stochastic process of the underlying asset price. The range of value 
of the skewness premium and their corresponding actual stochastic process 
belongs to a particular family shown in Table 3.1 1. Such a relationship will 
be tested in the time-series movements section. 
Table 3.1: Relationship of the Skewness Premium and the Actual Stochastic 
Process 
0% < SK{x) < x% for 
1. arithmetic and geometric Brownian motion 
2. standard constant elasticity volatility processes 
3. benchmark stochastic volatility and jump-diffusion processes 
SK{x) < 0% only if 
1. volatility of returns increases as the market falls, or 
2. negative jumps are expected under the risk-neutral distribution 
SK{x) > x% if and only if 
1. volatility of returns increases as the market rises, or 
2. positive jumps are expected under the risk-neutral distribution. 
iSee Bates [2] for explanations. 
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Goodness-of-fit and Volatility Skew 
The error terms £BS and £JR in parameter estimation are the differences 
between observed options prices and theoretical prices for both models, which 
account for the goodness-of-fit of a model to observed prices and the existence 
of the volatility skew. The residual term was assumed to arise for two reasons: 
the infinite number of terms in the Jarrow-Rudd approximation equation 
was truncated to a finite number of terms, and the market prices of traded 
options were assumed to be noisy. Both error terms were examined side-by-
side to see how the Jarrow-Rudd model performed in eliminating systematic 
volatility skew. Linear regressions were run for each day's pricing errors 
on moneyness^ and moneyness-squared. If systematic volatility skew exists, 
then the should be significantly non-zero and vice versa. 
3.3 Out-Sample Prediction Error Evaluation 
Using prior-day values of implied volatilities, skewness, and kurtosis param-
eters, I calculated the theoretical prices for the Black-Scholes and Jarrow-
Rudd models within the same maturity class with the current-day Nikkei 
Index (on spot or implied from futures). The prediction error is the pricing 
error that results from the evaluation of a model from using the prior-day 
2Moneyness is defined as [{strike/index) - 1] x 100%. 
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parameters. 
The Black-Scholes prediction error 3.4 was taken as a benchmark in the 
performance comparison with the Jarrow-Rudd prediction error 3.5. 
Sbs = Ci,t — CBsA(^BS,t-i) (3.4) 
£JR = Ci^ t — [CBsA^JR,t-l) + + (兀4’t-l - 3)^4) (3.5) 
The prediction error outside bid-ask spread, which substitutes prediction 
error within bid-ask spread with zero, is the major measurement between 
models. The bid-ask spread was maintained as the minimum price fluctuation 
by market makers, which is 5 yen for at-the-money options for the period 
of observation. A prediction error that is greater than the bid-ask spread is 
economically significant in trading. It is important to note that the model 
was fitted to an in-sample using options samples with in-the-money options 
excluded, so the prediction errors will be weighted heavier on in-the-money 
options, and this phenomenon will be reflected in separated statistics for call 
and put options. 
3.4 Time-Series Movements of Higher Moments 
Using implied moments and market price change time series within a market, 
I analysed the statistical characteristics within a single series or among multi-
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pie series. A statistical summary, such as the mean, standard deviation, and 
extreme values of a single series will be calculated to describe the distribution 
of the series. Autocorrelation is a crucial property in time series analysis that 
describes how sticky the series fluctuation is, while series movement is more 
stable with higher autocorrelation figures and a longer lag-period. Cross-
correlation is another important property between time series that describes 
the relationship of any two statistical movements. Bates [2] suggested a nega-
tive skewness premium indicating negative cross-correlation between implied 
volatility and market changes. The figure of cross-correlation between im-
plied volatility and market price changes will test this claim. 
Suppose there is efficient arbitrage between the OSE and the SGX mar-
kets. The market expectations and implied asset return distributions of the 
OSE and SGX should be identical, and as a result, the implied moment 
statistics should also be identical. I analysed the coherence of implied mo-
ment statistics between two markets through a cross-correlation of implied 
moments between two markets with zero lag length. Moreover, linear re-
gression analysis is used to examine how well a particular implied higher 
moment of OSE explains the corresponding one in the SGX. The following 
three equations were estimated to examine the linear relationship between 
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any two measures: 
StdvsGx = Oil + Pi StdvosE + £i (3.6) 
Skew SGX = ol2 + SkewosE + £2 (3.7) 
ExKurtsGx = 0；3 + /?3 ExKurtoss + ^z (3.8) 
If a higher moment measure in the OSE is an unbiased estimator for that in 
the SGX, the null hypothesis of a and (5 will be close to 0 and 1 respectively. 
3.5 Summary 
Chapter 3 provides a discussion the data utilized in the empirical estima-
tions, the data sources, and the data sampling process. The subsequent sec-
tion presents the empirical estimations, evaluation, and statistical method 




4.1 In-Sample Parameters Estimation 
The output of daily in-sample estimates of the Black-Scholes and Jarrow-
Rudd pricing models are summarized in Tables 4.1 and 4.2. The standard 
derivations of these estimates and statistics are reported in blankets and daily 
parameter estimates, with test statistics being averaged over the available ob-
servations. For both the Black-Scholes and Jarrow-Rudd pricing models, no 
single day of observations failed to converge in the least-squares optimization 
procedure. 
Estimated by the Black-Scholes pricing model, implied volatilities of SGX 
options from 1996 to 2001 ranged from 17.7% to 27.4%, and their standard 
deviations were moderate, ranging from 1.8% to 5.0%. For paired obser-
vations of the period 2002-2003, implied volatilities of OSE index options 
38 
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and SGX futures options were 25.85% and 26.02%, respectively, and their 
standard deviations were 3.8% and 3.75%, respectively. These statistics are 
nearly identical. However the Black-Scholes pricing model did not fit the 
observed prices well in all periods, as the mean absolute errors were large 
and greater than four bid-ask spreads in all markets and periods. Linear 
regressions on pricing errors gave significantly non-zero R�figures, which in-
dicated that systematic errors, as well as volatility skews, exist between the 
Black-Scholes theoretical prices and observed prices in general. 
Switched to the Jarrow-Rudd pricing model, implied volatilities of SGX 
options from 1996 to 2001 ranged from 19.3% to 33.1%, which were higher 
than those estimated by the Black-Scholes model. For paired observations 
of the period 2002-2003, implied volatilities of both options were still nearly 
identical, which were 27.16% and 27.12% for the OSE index options and 
SGX futures options, respectively. Interestingly, implied skewness and im-
plied kurtosis were significantly negative and leptokurtic for options in all 
periods and markets. The significant deviations from normality also induced 
a negative 4% skewness premium ranging from -2.8% to -8.3%. In the paired 
observation period, the 4% skewness premiums were -2.9% and -3.7% for the 
SGX and OSE respectively, and their implied asset return distributions are 
/ 
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visualized in Figure 4.1. Following the arguments of Bates [2], these negative 
skewness premiums suggest that return volatility is negatively correlated to 
market changes, and this phenomenon will be discussed later. 
Linear regressions on pricing errors provide interesting R� f igures. Al-
though they were much smaller than those of the Black-Scholes model esti-
mated generally, they were still high in 1996 and 2000. This result suggests 
that the Jarrow-Rudd pricing model flattens the volatility skew effectively in 
most, but not all, the time. The Jarrow-Rudd pricing model is also superb 
in pricing accuracy, as the absolute pricing error has decreased to not more 
than three bid-ask spreads for all options, which are always smaller than 
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Figure 4.1: Risk-Neutral Distribution Implied by the OSE and SGX Nikkei 
Index Options and Normal Distribution 
4.2 The Out-Sample Prediction Error Evalua-
tion 
Tables 4.3 and 4.4 give a summary of one-day-ahead prediction errors by 
the Black-Scholes and Jarrow-Rudd pricing models with call and put options 
separated in illustration. It is clear from the statistics that the Jarrow-Rudd 
pricing model, estimated on a full sample, outperformed the Black-Scholes 
pricing model. For either the OSE Nikkei Index options or SGX Nikkei fu-
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tures options, the Black-Scholes pricing model produced a seemingly small 
mean prediction error mostly below four bid-ask spreads with a large stan-
dard deviation. By breaking down the statistics for call and put options, 
it was revealed that the Black-Scholes model significantly overpriced call 
options (negative prediction error) and under-priced put options (positive 
prediction error). The asymmetry in prediction errors of call and put op-
tions is more acute when looking at the mean prediction error outside the 
bid-ask spread. Mean prediction errors outside the spread for call options 
were as small as one bid-ask spread, whereas those for put options increased 
to more than four bid-ask spreads. 
The Jarrow-Rudd pricing model shows its edge in the prediction by in-
corporating higher moments information. The average prediction errors on 
all periods and markets dramatically shrank to one bid-ask spread. While 
breaking down call and put options statistics, the asymmetric prediction er-
ror between call and put options vanished, and mean prediction errors are 
as small as a bid-ask spread on both sides. Mean prediction errors outside 
the bid-ask spread were maintained at a low level of two bid-ask spreads. 
Magnitudes of absolute prediction errors were half that of the Black-Scholes 
pricing model. The above results showed that the missing higher moments 
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information in the Black-Scholes model not only accounted for the existence 
of a volatility skew, but it also had a significant impact on options price 
predictions. 
4.3 Time Series Movements of Higher Moments 
Intra-Market Statistics 
The above sections explained the general performance statistics of the OSE 
and SGX for the Black-Scholes and Jarrow-Rudd pricing models. This sec-
tion will describe the time series movements of higher moments in two options 
markets of different periods. Summary statistics are presented in Tables 4.5, 
4.6, 4.7, and 4.8. 
In all periods of observations, the standard deviation of implied volatil-
ities (Stdv) is small, whereas those of implied skewness (Skew) and excess 
kurtosis {Exkurt) are much larger. This implies that the time series of higher 
moments are more volatile in fluctuation. It can be observed that the higher 
moments, especially excess kurtosis, can easily take extreme values diverging 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CHAPTER 4. EMPIRICAL RESULTS 48 
Autocorrelation is a crucial property in time series analysis. A high level 
of autocorrelation for implied volatilities {Stdv) and implied skewness (Skew) 
persist even for higher orders of lag length, while implied excess kurtosis 
(Exkurt) drops to zero after 10 and 25 lag lengths in either market. This 
finding is similar to that of Shiratsuka [15]. The sticky fluctuations of im-
plied volatility [Stdv) and implied skewness (Skew) contribute to the superb 
and stable performance in out-sample prediction. Recall the correction terms 
in the Jarrow-Rudd pricing formula 2.8 in Section 2.2, where the weight of 
implied skewness correction is the first derivative of normal distribution, and 
that of implied kurtosis is the second derivative of normal distribution. The 
magnitude of the first derivative of normal distribution is the maximum for 
deep-in-the-money and deep-out-of-money options and the stable implied 
skewness corrects those away from the money options greatly. The weight 
of implied kurtosis correction is the maximum for at-the-money options. Al-
though implied kurtosis is rather unstable, the magnitude of its correction 
term is small and at-the-money options prices are dominated by the Black-
Scholes pricing formula. 
Cross-correlation is another important property between time series. Bates 
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2] suggested a negative skewness premium indicating negative cross-correlation 
between implied volatility and market changes. His claim has been partially 
accepted in these observations, as the cross-correlations between implied 
volatility and market movement are significant and negative for the peri-
ods of 1997-1998’ 2000, and 2002-2003, but negative 4% skewness premiums 
were observed throughout all periods of observations. 
Inter-Market Statistics 
In this section, I will analyze the movements to test the coherence of im-
plied moments in the OSE and SGX markets. Table 4.9 summarizes the 
cross-correlations of implied higher moments between two markets with zero 
lag length. It is obvious that implied volatility {Stdv) and implied skewness 
{Skew) are strongly positively correlated, whereas implied excess kurtosis 
{Exkurt) is not significantly correlated. This result is interesting, as a no-
arbitrage condition holds between the OSE Nikkei index options and SGX 
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Table 4.9: Cross-Correlations of the Nikkei Index Options in the OSE and 
the Nikkei Futures Options in the SGX 
Stdv Skew Exkurt Change Abs-change 
0.995 0.837 0.074 0.953 0.892 “ 
1 . Stdv, Skew, and Exkurt indicate standard deviation, skewness and excess kurtosis implied by 
Jarrow-Rudd pricing model respectively. Change and Abs-change indicate daily log changes and 
daily absolute log changes in implied Nikkei index respectively. 
2 . Critical value of coefficients of cross-correlation is 士0.100 at 5% significance in a two-sided test 
with 385 observations. 
To explain this situation I conducted a regression analysis to examine how 
well a particular implied higher moment in the OSE explains a correspond-
ing one in the SGX. Table 4.10 gives linear regression results of Equations 
3.6, 3.7 and 3.8 respectively, and 95% confidence intervals of a and (3 are 
shown in blankets. Implied volatility {Stdv) shows excellent goodness-of-fit 
and the null hypothesis is roughly accepted. Implied skewness {Skew) shows 
satisfactory goodness-of-fit, but the null hypothesis for a = 0 and " = 1 was 
rejected, while implied excess kurtosis {Exkurt) strongly rejected the null hy-
pothesis. This shows that the implied higher moments of distributions in two 
sets of options with the same underlying asset may not be necessarily identi-
cal even if risk-free arbitrage opportunities were eliminated from observation 
samples. A closer look at the observation samples revealed that differences 
in the moneyness composition of the OSE and SGX options in daily obser-
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vations contributes to this phenomenon. Bliss and Panigirtzoglou [5] showed 
that implied skewness and kurtosis are highly influenced by the tails of im-
plied distribution. As options are only traded in limited and discrete exercise 
prices around the center of implied distribution, only the center portion of 
distribution was accurately calculated while the tails were estimated by the 
explicit parametric function. A different moneyness composition of options 
would not distort the center portion of the distribution, which is governed by 
several observation points, but it would severely distort the estimated tails. 
Table 4.10: Regression Analysis of Higher Moments of Nikkei Index Options 
in the OSE and Nikkei Future Options in the SGX 
Stdv Skew Exkurt 
~ a 0.003 -0.010 0.739 
(0.000’ 0.006) (-0.128’ -0.072) (0.681，0.798) 
P 0.986 0.700 0.036 
(0.976，0.996) (0.654, 0.746) (-0.013, 0.085) 
0.990 0.700 0.0055 
1. Stdv, Skew, and Exkurt indicate standard deviation, skewness and excess 
kurtosis implied by Jarrow-Rudd pricing model respectively. 
2. 95% confidence intervals are shown in blankets. 
4.4 Implications 
The estimation of implied higher moments provided some insight into Nikkei 
index options in the OSE and SGX. In the Jarrow-Rudd model, there were 
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significant negative skewness and excessive kurtosis in any period of observa-
tion and in either market. This finding suggests that the market perceived a 
downside risk in the future Nikkei Index, especially for the period of 1997 to 
1998. Indeed, the Nikkei Index dropped more than 30% during that period, 
triggered by the depreciation of the Japanese Yen. The violation of the nor-
mality assumption of the Black-Scholes model implies that portfolio hedging 
in the Jarrow-Rudd world differs from that in the Black-Scholes world, Cor-
rado and Su [8] have extensively investigated hedging performance in the 
Jarrow-Rudd pricing model, and it is not replicated in this study. Volatility 
skews were not completely eliminated, but partially flattened, by the Jarrow-
Rudd pricing model, and the flattened volatility skew reduces the complexity 
in hedging large portfolios with options of multiple exercise prices and ma-
turities. 
In-sample estimation of paired observations into the OSE and SGX Nikkei 
Index options suggests that two kinds of Nikkei index options have nearly 
identical implied volatilities. This suggests that these two markets are repli-
cations of each other in the Black-Scholes world, and investors may regard 
them as a single market under Black-Scholes assumptions. However, such a 
claim is not guaranteed in the Jarrow-Rudd world, as implied asset return 
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distributions of the OSE and SGX may not be necessarily identical. The 
inter-market time-series movement tests showed that their implied moment 
statistics were not coherent, and the implied higher moment statistics are 
highly sensitive to the composition of moneyness in observations. 
Blaskowitz, et al. [4] suggested two trading strategies taking advantage 
of knowledge on skewness and kurtosis in two markets to generate non-zero 
net cash flow. The profitability of their strategies is doubted by this study. 
Implied skewness and kurtosis can be significantly deviated, even though the 
options price quotes were arbitrage-free in the data samples. The weak pre-
dictability of implied moments also makes speculation decisions risky, since 
there is no observable relationship between the implied moments of the OSE 
and SGX. 
4.5 Summary 
Based on the rationale and methodology of this thesis, this chapter presented 
the empirical estimations, and discussed and compared the salient results es-
timated with the Black-Scholes and Jarrow-Rudd models, respectively. Em-
pirical evidence suggested by the Black-Scholes model demonstrated that al-
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though the implied volatilities of the OSE Index options and the SGX futures 
options along with their standard deviations were nearly identical, system-
atic errors were found to exist between the Black-Scholes theoretical prices 
and the observed prices in general, indicating that the Black-Scholes pricing 
model does not fit the observed prices very well. In the case of the Jarrow-
Rudd pricing model, while the implied volatilities of both options were still 
nearly identical, the implied skewness and kurtosis were also very close for 
the two options. In addition, this chapter also offered a comparison of the 
out-of-sample prediction estimated by the two pricing models, and suggested 
that the Jarrow-Rudd pricing model outperforms the Black-Scholes model, 
as indicated by some conventional prediction error evaluation statistics. 
Chapter 5 
Conclusions 
In this study, I empirically analyzed the implied higher moments estimated 
from two sets of options prices for the Nikkei Index and Nikkei Futures in the 
OSE and SGX. I estimated the implied higher moments from samples with 
an extended version of the Black-Scholes pricing formula suggested by Cor-
rado and Su, which was derived from the distribution approximation method 
developed by J arrow and Rudd. 
I compared the performance of the Jarrow-Rudd pricing model with the 
Black-Scholes pricing model in fitting observed options prices. The estima-
tion results suggested that the Jarrow-Rudd pricing model fits options prices 
much better than the Black-Scholes pricing model, and the higher moment 
correction terms successfully explained the volatility skew. Negative skew-
ness and positive excess kurtosis were found in both OSE and SGX options, 
59 
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and this result is coherent with the findings of Shiratsuka [15] on the OSE 
Nikkei index options and Ang, et al. [1] on the SGX Nikkei future options, 
respectively. A 4% Skewness Premium was found to be significantly nega-
tive, and Bates claimed that it indicates that implied volatility is negatively 
correlated to market movements. 
Out-sample prediction performance comparison was done by forecasting 
current day options prices by prior-day summary statistics. The Jarrow-
Rudd pricing model is superior to the Black-Scholes pricing model, and the 
improvement is economically significant. The former provides symmetric per-
formance on both call and put options, and lowers the absolute prediction 
error by half. The superb performance is stable, as the standard deviations 
of errors are small over the time series. 
Stability of implied moments was analyzed in autocorrelation analysis, 
and it was discovered that stability decreases with the higher order of mo-
ments. Implied volatility and implied skewness are highly autocorrelated at 
long lag periods, but implied kurtosis is weakly autocorrelated. Luckily, the 
unstable implied kurtosis is lightly weighted in its correction term, and the 
sticky fluctuations of implied volatility and implied skewness contribute to 
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the superb and stable performance in out-sample predictions. In addition, 
cross-correlation analysis suggested that implied volatility is negatively cor-
related to market changes in some periods of observation, which partially 
supports the claims of Bates. 
To compare the coherence of summary statistics of the OSE and SGX 
options, cross-correlations of each measure were estimated. Surprisingly, even 
if no-arbitrage condition holds between analyzed observations, their summary 
statistics were not necessarily coherent. It was found that the composition of 
observation moneyness is crucial in estimating implied distribution, especially 
the tails of distribution. The range of exercise prices traded is limited and 
narrow around the center of distribution, and the tails of distribution vary 
depending on the position and width of observed exercise prices. There is no 
observable relationship on summary statistics between the OSE and SGX, 
and the trend of movement is barely predictable. Therefore, it might not be 
wise to employ trading strategies that take advantage of differences in the 
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Figure A.l : Time Series Movement of Nikkei Index of SGX in 1996 
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Figure A.2: Time Series Movement of Nikkei Index of SGX in 1997 
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Figure A.3: Time Series Movement of Nikkei Index of SGX in 1998 
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Figure A.4: Time Series Movement of Nikkei Index of SGX in 1999 
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Figure A.5: Time Series Movement of Nikkei Index of SGX in 2000 
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Figure A.6: Time Series Movement of Nikkei Index of SGX in 2001 
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Figure A.7: Time Series Movement of Nikkei Index of SGX in 2002-2003 
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Figure A.8: Time Series Movement of Nikkei Index of OSE in 2002-2003 
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